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I n t r o d u c t i o n  

A s  p a r t  o f  t h e  o n - g o i n g  r e s e a r c h  i n  t h e  l i q u e f a c t i o n  o f  l o w - r a n k  c o a l ,  
t h e  U n i v e r s i t y  o f  N o r t h  D a k o t a  E n e r g y  R e s e a r c h  C e n t e r  (UNDERC) c a r r i e d  
o u t  two b o t t o m s  r e c y c l e  r u n s .  The  p u r p o s e  o f  t h e s e  4 0  p a s s  r u n s  was 
t o  i n v e s t i g a t e  t h e  e f f e c t  o f  two d i f f e r e n t  s t a r t - u p  s o l v e n t s  on t h e  
c o m p o s i t i o n  o f  t h e  p r o d u c t  f r o m  p a s s  t o  p a s s ,  e s p e c i a l l y  t h e  b o t t o m s  
p o r t i o n  u s e d  a s  r e c y c l e  s o l v e n t ,  a n d  t h e  f i n a l  l i n e d - o u t  c o m p o s i t i o n  
o f  t h e  p r o d u c t .  

Runs  1 0 1  a n d  1 0 3  w e r e  c a r r i e d  o u t  i n  t h e  b o t t o m s  r e c y c l e  mode i n  
t h e  C o n t i n u o u s  P r o c e s s i n g  U n i t  (CPU) (l-). Z a p ,  N o r t h  D a k o t a  l i g n i t e  
f r o m  t h e  I n d i a n  H e a d  m i n e  w a s  i n t r o d u c e d  a t  5 l b s l h r  a s  a 30% s l u r r y  
( w t  X a s - r e c e i v e d  c o a l )  i n  r e c y c l e  f e e d  w i t h  H2S a d d i t i o n  i n  b o t h  
r u n s .  The  n o m i n a l  t e m p e r a t u r e  w a s  44OOC a n d  t h e  n o m i n a l  p r e s s u r e  was 
4 0 0 0  p s i g  H2/C0 ( 9 5 / 5 ) .  The s t a r t u p  s o l v e n t  f o r  Run 101 was  a t y p i c a l  
a n t h r a c e n e  o i l ,  A04,  p u r c h a s e d  f r o m  C r o w l e y  Tar  P r o d u c t s ,  N Y ,  
p r e v i o u s l y  d e s c r i b e d  ( 2  3 ) .  Run 1 0 3  was  s t a r t e d  u p  w i t h  a P r o c e s s  
D e v e l o p m e n t  U n i t  (PDU) f ; T y c l e  s o l v e n t  o b t a i n e d  f r o m  t h e  U n i v e r s i t y  of 
N o r t h  D a k o t a  C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ' s  P r o j e c t  L i g n i t e  (A). 
The  PDU s o l v e n t  was  d e r i v e d  f r o m  Z a p ,  N o r t h  D a k o t a  I n d i a n  Head 
l i g n i t e .  I t  h a s  b e e n  c h a r a c t e r i z e d  i n  d e t a i l  (2) .  A s h o r t  summary of 
t h e  r e l e v a n t  p r o p e r t i e s  o f  t h e  two s t a r t u p  s o l v e n t s  a p p e a r s  i n  T a b l e  
I .  B o t h  s o l v e n t s  p r o v i d e d  a d e q u a t e  o p e r a b i l i t y  of t h e  C P U  a n d  w e r e  
g r e a t e r  t h a n  9 5 %  d i s t i l l a b l e .  T h e s e  t w o  s t a r t u p  s o l v e n t s  w e r e  c h o s e n  
b e c a u s e  t h e y  d i f f e r  in s e v e r a l  i m p o r t a n t  w a y s .  The  P D U  s o l v e n t  
c o n t a i n e d  a b o u t  s e v e n  t i m e s  more  t o t a l  a l k a n e s  a n d  t e n  t i m e s  more  n- 
a l k a n e s  t h a n  t h e  A04 s o l v e n t  ( T a b l e  I ) .  T h e  PDU s o l v e n t  a l s o  
c o n t a i n e d  a h i g h e r  c o n c e n t r a t i o n  o f  m e t h y l a t e d  and  o t h e r  a l k y l a t e d  
a r o m a t i c  h y d r o c a r b o n s  t h a n  A04.  . F o r  e x a m p l e ,  2- a n d  3- 
m e t h y l p h e n a n t h r e n e  a r e  p r e s e n t  i n  t h e  PDU s o l v e n t  a t  4 .6  a n d  3.0 t i m e s  
t h e i r  c o n c e n t r a t i o n s  i n  A04.  T h e  P D U  s o l v e n t  a l s o  c o n t a i n s  
h y d r o a r o m a t i c s  ( s u c h  as  d i h y d r o - ,  t e t r a h y d r o -  a n d  o c t a h y d r o -  
p h e n a n t h r e n e ,  d i h y d r o p y r e n e ,  a n d  t e t r a h y d r o f l u o r a n t h e n e )  a n d  p h e n o l s  
( 6 . 2 % ) .  A04,  d e f i c i e n t  i n  b o t h  h y d r o a r o m a t i c s  a n d  p h e n o l s ,  i s  
composed  m a i n l y  o f  u n s u b s t i t u t e d  a r o m a t i c  h y d r o c a r b o n s  i n c l u d i n g  
l a r g e r  a m o u n t s  o f  a r o m a t i c  compounds  w i t h  m o r e  t h a n  t h r e e  f u s e d  r i n g s  
( i . e . ,  c h r y s e n e  a n d  b e n z ( a ) a n t h r a c e n e )  t h a n  t h e  PDU s o l v e n t .  T h e s e  
d i f f e r e n c e s  i n  c o m p o s i t i o n  a r e  e x p e c t e d  t o  a f f e c t  t h e  s o l v a t i n g  power 
o f  t h e  s o l v e n t  t o w a r d  c o a l  a n d  c o a l - d e r i v e d  p r o d u c t s .  T h e  d i f f e r e n c e  
i n  r e a c t i v e  n a t u r e  of t h e  s o l v e n t s  a t  h i g h  t e m p e r a t u r e  a n d  p r e s s u r e  i s  
e x p e c t e d  t o  l e a d  t o  d i E f e r e n t  i n i t i a l  p r o d u c t s .  

'Xhe l i q u e t a c t i o n  p r o d u c t s  w e r e  e x a m i n e d  f r o m  p a s s  t o  p a s s  i n  
o r d e r  t o  f o l l o w  t h e  c o m p o s i t i o n a l  c h a n g e s  as t h e  r e a c t i o n  p r o c e e d e d  
t o w a r d  s t e a d y - s t a t e  c o m p o s i t i o n  ( l i n e o u t )  a n d  t o  d e t e r m i n e  w h e t h e r  t h e  
p r o d c c t s  w e r e  c h e m i c a l l y  t h e  s a m e  f o r  b o t h  r u n s  a f t e r  40 r e a c t o r  
p a s s e s .  
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Table I. Properties of Startup Solvents A04 and UND PDU 
Solvent Used In CPU Runs 101 and 103 

Elemental Analysis: 

% C  
H 
N 
S 
0 (by difference) 

A0 4 

90.33 
6.54 
0.83 
0.57 
1.73 

Ash, % 0.03 

Water, % 0.20 

Selected Organic Component 
Analysis, wt % :  

PDU 

82.36 
7 .89 
0.21 
1 .I9 
2.49 

1.43 

4.43 

n- a lka ne s 
total alkanes 

Selected Hydrocarbons a n d  
Et hers : 

naphthalene 
2-methylnaphthalene 
acenap h the ne 
phenanthrene 
dibenzofuran 
3-methylphenanthrene 
2-methylphenanthrene 
fluoranthene 
pyrene 
fluorene 
benzo( alanthracene 
chrysene 
9,lO-dihydrophenanthrene 
o ct ahydr ophenant hrene 
1,2,3,4-tetrahydrophenathrene 
4.5-dihydropyrene 
1,2,3,4-tetrahydrofluoranthene 

0.6 6.8 
2.2 13.9 

0.75 
1.44 
9.54 

6.67 
0.66 
0.84 
0 .52 
6.87 
6 .67 
0.26 
0.27 

0 
0 
0 
0 

0.01 

16 .6 

0 
0.14 
0.08 
6.99 
0.39 
3.06 
2.55 
0.82 
0.46 
0.36 
0.06 
0.16 
0.23 
0.02 
0.18 
0.44 
0.06 

polars (phenols, base and polar 
aromatics) 18 .4 

phenols 0 
21.4 
6 .2 
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O u r  p r e v i o u s  e f f o r t s  w e r e  c o n c e n t r a t e d  o n  a n a l y s i s  o f  d i s t i l l a b l e  
p o r t i o n s  of t h e  p r o d u c t s  f r o m  e a r l i e r  r u n s  w h i c h  a v e r a g e d  
a p p r o x i m a t e l y  1 3  p a s s e s  (2). When w e  i n v e s t i g a t e d  t h e s e  r u n s  we 
n o t i c e d  t h a t  some i r r e v e r s i b l e  c h a n g e s  c a u s e d  by h e a t i n g  h a d  o c c u r r e d  
t o  t h e  v a c u u m  b o t t o m s  d u r i n g  t h e  ASTM D-1160 d i s t i l l a t i o n .  We c a r r i e d  
o u t  s e v e r a l  p r e l i m i n a r y  s e p a r a t i o n s  u s i n g  S o x h l e t  e x t r a c t i o n ,  
s o n i c a t i o n  a n d  s o n i c a t i o n  w i t h  h e a t ,  n o n e  o f  w h i c h  p r o v e d  s a t i s f a c t o r y  
f o r  t h i s  s t u d y .  A m e t h o d  w a s  t h e n  s e l e c t e d  f o r  s e p a r a t i o n  o f  t h e  
s l u r r y  t h a t  e x c l u d e d  a l l  s e v e r e  h a n d l i n g  o f  t h e  p r o d u c t  t o  a v o i d  
c h a n g e s  i n  t h e  h e a v y  p r o d u c t  c o m p o s i t i o n  d u r i n g  s e p a r a t i o n .  

The p r e l i m i n a r y  c h a r a c t e r i z a t i o n  o f  t h e  s e p a r a t e d  h e a v y  p r o d u c t s  
a n d  t h e i r  c o m p o s i t i o n  a s  c o m p a r e d  w i t h  t h e  c o m p o s i t i o n  o f  t h e  o i l s  a r e  
t h e  f o c u s  o f  t h i s  r e p o r t .  C h a n g e s  i n  t h e  s t a r t u p  s o l v e n t  a s  i t  r e a c t s  
w i t h  c o a l  a n d  i s  d i l u t e d  by c o a l - d e r i v e d  p r o d u c t s  a r e  d i s c u s s e d  w i t h  
e m p h a s i s  on  t h e  h e a v y  c o m p o n e n t s .  D i f f e r e n c e s  b e t w e e n  t h e  two  r u n s  
s t a r t e d  up  w i t h  d i f f e r e n t  s o l v e n t s  a r e  d e s c r i b e d .  

E x p e r i m e n t a l  

The  me thod  c h o s e n  t o  s e p a r a t e  t h e  p r o d u c t  s l u r r y  i s  b a s e d  on  
s o l u b i l i t i e s  a t  room t e m p e r a t u r e  ( F i g u r e  1 ) .  T h i s  s e p a r a t i o n  y i e l d e d  
a p e n t a n e  s o l u b l e ,  v o l a t i l e  o i l  f r a c t i o n  ( o i l ) ,  a p e n t a n e  i n s o l u b l e ,  
m e t h y l e n e  c h l o r i d e  s o l u b l e  h e a v y  f r a c t i o n  ( s o l u b l e  h e a v y  e n d s ) ,  a n d  a 
m e t h y l e n e  c h l o r i d e  i n s o l u b l e  f r a c t i o n  ( i n s o l u b l e  h e a v y  e n d s ) ,  T a b l e  
11. F u r t h e r  f r a c t i o n a t i o n  of t h e  o i l s  a n d  s o l u b l e  h e a v y  e n d s  f r o m  
p a s s  40 was c a r r i e d  o u t  by s i l i c a  g e l  o p e n  c o l u m n  c h r o m a t o g r a p h y .  
T h r e e  f r a c t i o n s  w e r e  c o l l e c t e d :  a l k a n e s  ( e l u t e d  w i t h  p e n t a n e ,  
i s o o c t a n e ,  p e n t a n e ) ,  a r o m a t i c s  ( e l u t e d  w i t h  m e t h y l e n e  c h l o r i d e ) ,  and  
p o l a r s  ( e l u t e d  w i t h  m e t h a n o l )  ( T a b l e  1 1 1 ) .  The c h r o m a t o g r a p h i c  m e t h o d  
i n v o l v e d  1 0 0  g A l d r i c h  G r a d e  1 2  28-200  m e s h  s i l i c a  g e l  a c t i v a t e d  a t  
25OOC f o r  2 4  h o u r s  p a c k e d  d r y  b e t w e e n  two  g l a s s  w o o l  p l u g s  i n  a P y r e x  
c o l u m n  t h a t  h a d  a 75 -100  p f r i t t e d  g l a s s  p l a t e .  T h e  s i l i c a  g e l  was 
w e t t e d  w i t h  HPLC g r a d e  p e n t a n e  a n d  t h e n  l o a d e d  w i t h  - 1  g r a m  of 
s a m p l e .  E l u t i o n  was i n  t h e  f o l l o w i n g  s e q u e n c e  w i t h  HPLC g r a d e  
s o l v e n t s :  1 5 0  m l  p e n t a n e ,  1 0 0  m l  i s o o c t a n e ,  5 0  m l  p e n t a n e ,  250 m l  
m e t h y l e n e  c h l o r i d e ,  a n d  1 0 0  m l  m e t h a n o l .  T h e  f i r s t  t h r e e  l i s t e d  e l u t e  
a l k a n e s ,  t h e  f o u r t h  e l u t e s  a r o m a t i c s  a n d  t h e  p o l a r  compounds  a r e  
e l u t e d  w i t h  t h e  f i f t h .  

C h a r a c t e r i z a t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  o n  t h e  f r a c t i o n s  u s i n g  
e l e m e n t a l  a n a l y s i s ,  t e t r a h y d r o f u r a n  (THF) s o l u b i l i t y ,  t h e r m o -  
g r a v i m e t r i c  a n a l y s i s  (TGA),  s i z e  e x c l u s i o n  h i g h  p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  ( m o b i l e  p h a s  THF, U V  a n d  r e f r a c  v e  i n d e x  d e t e c t i o n ) ,  
I R  s p e c t r o m e t r y ,  200 MHz 'H N M R  a n d  5 0  MHz "C N M R  s p e c t r o m e t r y ,  
c a p i l l a r y  G C / M S  a n d  d i r e c t  p r o b e  MS. 

R e s u l t s  and D i s c u s s i o n  

The  v a r i a t i o n  i n  c o m p o s i t i o n  o f  t h e  p r o d u c t  s l u r r i e s  f r o m  Runs  1 0 1  and  
1 0 3  d u r i n g  4 0  r e c y c l e  p a s s e s  i s  shown  i n  F i g u r e  2 a n d  T a b l e  11. 

I n s o l u b l e  H e a v y  E n d s .  The  i n s o l u b l e  h e a v y  e n d s  i n c r e a s e d  d u r i n g  b o t h  
r u n s .  A s t e a d i e r ,  e a r l i e r  i n c r e a s e  was s e e n  d u r i n g  Run 1 0 1  ( F i g u r e  
2 1 ,  c o i n c i d i n g  w i t h  t h e  i n c r e a s i n g  v i s c o s i t y .  D u r i n g  Run 1 0 1  t h e  
r e a c t o r  was " b l o w n  down" o n l y  o n c e  ( p a s s  2 5 )  t o  r e m o v e  a c c u m u l a t e d  
r e a c t o r  s o l i d s  r e s u l t i n g  i n  a r a p i d  d r o p  i n  v i s c o s i t y .  T h e  v i s c o s i t y  
t h e n  r o s e  s l o w l y  u n t i l  p a s s  4 0  w h e r e  a r a p i d  i n c r e a s e  w a s  s e e n  (2). 
The  i n s o l u b l e  h e a v y  e n d s  i n c r e a s e d  m o r e  s l o w l y  d u r i n g  Run  1 0 3 .  T h i s  
s l o w e r  i n c r e a s e  may b e  r e l a t e d  t o  t h e  much l o w e r  v i s c o s i t y  o b s e r v e d  
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T a b l e  11. C o m p o s i t i o n  o f  R e c y c l e  S l u r r i e s  (Wt 9 ; )  D u r i n g  
C P U  Runs  1 0 1  a n d  1 0 3  

P a s s  No. 
F r a c t i o n s  0 7 19 30  ( 3 1 )  4 0  

O i l :  

1 0 1  
1 0 3  

S o l u b l e  Heavy  
E n d s :  

1 0 1  
1 0 3  

I n s o l u b l e  Heavy  
E n d s :  * 

1 0 1  
1 0 3  

T o t a l  % 
R e c o v e r y :  

1 0 1  
1 0 3  

Ash:  

1 0 1  
1 0 3  

94.5 
8 8  .3 

4 .1  
2.7 

0.04 
3 . I  

98 .6 
94 . I  

0.03 
4.4 

* I n c l u d e s  m i n e r a l  m a t t e r .  

70  .9 
67 .O 

14 .3 
18 .9 

8.6 
9.9 

93.8 
95.8 

6.6 
6 .9 

50.2 
5 9  .o 

19.9 
19  .6 

19.1 
12.7 

89.2 
9 1  .3 

10.8 
9.8 

54.7 
46.3 

16.4 
16.2 

27 .6 
24.4 

98.7 
86.9 

11.2 
13  .O 

48.4 
46.1 

16 .1  
19.7 

29.8 
25.6 

94.3 
91.4 

11.4 
11.5 

T a b l e  111. S i l i c a  G e l  Co lumn F r a c t i o n a t i o n  of C P U  Runs  
1 0 1  a n d  1 0 3  P a s s  40 Oils a n d  S o l u b l e  Heavy  E n d s  ( W t  X )  

1 0 1  Pass 40 1 0 3  P a s s  4 0  
S o l u b l e  S o l u b l e  

Heavy  E n d s  H e a v y  E n d s  

A l k a n e s  0.1 5.6 0 .6 8 .o 

P o l a r s  - 
X R e c o v e r y  92.6 92.8 82.2 97 .8  

A r o m a t i c s  56.2 59.1 45 .o 58.6 
35.3 28.1 36.6 - 3 1  .2 - 
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d u r i n g  Run 1 0 3 .  T h e  v i s c o s i t y  was c o n t r o l l e d  d u r i n g  Run 1 0 3  by 
s c h e d u l i n g  r e a c t o r  b lowdown e v e r y  t w e l f t h  p a s s .  D i r e c t  i n s e r t i o n  
p r o b e  MS h e a t i n g  p r o f i l e s  o f  t h e  i n s o l u b l e  h e a v y  e n d s  f r o m  Runs  1 0 1  
a n d  103  g a v e  n o n - q u a n t i t a t i v e  p r o f i l e s  o f  t h e  s m a l l  p e r c e n t a g e  o f  t h e  
m a t e r i a l  t h a t  c o u l d  b e  a n a l y z e d  by t h i s  m e t h o d .  The  i n s o l u b l e  h e a v y  
e n d s  s a m p l e  f r o m  Run 1 0 1  g a v e  a p r o m i n e n t  p e a k  t h a t  v o l a t i l i z e d  e a r l y  
i n  t h e  r u n .  T h i s  p e a k  g a v e  a m a s s  s p e c t r u m  t h a t  a p p e a r e d  t o  be 
i d e n t i c a l  w i t h  t h a t  o f  1 , 2 ' - b i n a p h t h y l .  T h i s  c o m p o n e n t  was n o t  
p r e s e n t  in t h e  i n s o l u b l e  h e a v y  e n d s  f r o m  Run 1 0 3 .  I t  was n o t  a 
p r o m i n e n t  c o m p o n e n t  o f  t h e  s o l u b l e  h e a v y  e n d s  f r o m  e i t h e r  r u n .  A f t e r  
s u b t r a c t i n g  t h e  a s h  c o n t e n t  a n d  t h e  THF s o l u b l e  p o r t i o n  of t h e  h e a v y  
e n d s ,  7 . 5 %  o f  Run 1 0 1  a n d  6 . 7 %  of  Run 1 0 3  is i n t r a c t a b l e  THF i n s o l u b l e  
o r g a n i c  m a t t e r  ( T a b l e  IV). 

S o l u b l e  Heavy  E n d s .  The  s o l u b l e  h e a v y  e n d s  a l s o  i n c r e a s e d  g r a d u a l l y  
f r o m  p a s s  t o  p a s s  d u r i n g  b o t h  Runs  1 0 1  a n d  1 0 3  a s  t h e  c o a l - d e r i v e d  
m z t e r i a l s  h a g a n  t o  r e p l a c e  t h e  > 9 1 %  s o l u b l e  s t a r t u p  s o l v e n t s  ( F i g u r e  2 
a n d  T a b l e  11) u n t i l  p a s s  4 0  w h e r e  t h e  sum of t h e  i n s o i u b i e  and s o l i i b l s  
h e a v y  e n d s  r e a c h e d  a b o u t  4 5 %  t o  4 6 % .  T h i s  l e a v e s  4 8 . 4 %  (Run 1 0 1 )  a n d  
4 6 . 1 %  ( R u n  1 0 3 )  o i l s  a s  p r o d u c t s  a t  p a s s  4 0  ( F i g u r e  2 a n d  T a b l e  11). 

C h a r a c t e r i z a t i o n  o f  t h e  s o l u b l e  h e a v y  e n d s  is much m o r e  d i f f i c u l t  
t h a n  t h e  c h a r a c t e r i z a t i o n  o f  d i s t i l l a b l e  o i l s  w h i c h  c a n  be e a s i l y  
s e p a r a t e d  by c a p i l l a r y  G C  a n d  i d e n t i f . i e d  by  G C ,  GC/MS and  N M R  
c o m p a r i s o n s  w i t h  known s t a n d a r d  c o m p o u n d s .  However  t h e  s o l u b l e  h e a v y  
e n d s  r e s e m b l e  t h e  o i l s  in some v e r y  i m p o r t a n t  w a y s .  They  c a n  be 
s e p a r a t e d  b y  s i m p l e  c o l u m n  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  i n t o  f r a c t i o n s  
e a s i l y  i d e n t i f i e d  a s  a l k a n e s  { 6 0 . 5 - 1 . 4 ) ,  a r o m a t i c s  ( 6 7 . 2 - 8 . 7 1 ,  and 
p o l a r s  ( 6 6 . 2 - 7 . 2 )  b y  200  MHz H N M R  ( F i g u r e  3 )  a n d  5 0  MHz C N M R  
s p e c t r o m e t r y .  The  s o l u b l e  h e a v y  e n d s  f r o m  R u n s  1 0 1  a n d  1 0 3  
p a r t i t i o n e d  d i f f e r e n t l y  w i t h  o u r  s e p a r a t i o n  ( T a b l e  111). Run 103  
p r o d u c e d  m o r e  C-9 a n d  l a r g e r  a l k a n e s  in t h e  h e a v y  a n d  o i l  f r a c t i o n s  
t h a n  Run  1 0 1 .  S m a l l  c o n t a m i n a t i o n  o f  b o t h  a l k a n e  f r a c t i o n s  by 
p h t h a l a t e s  o c c u r r e d  ( n o t e  e x t r a n e o u s  p e a k s  on  F i g u r e  3 ,  t o p  r i g h t ) .  
S m a l l  a m o u n t s  o f  p h t h a l a t e  c o n t a m i n a n t s  w e r e  a c c i d e n t a l l y  i n t r o d u c e d  
i n t o  t h e  s l u r r y .  T h e y  a p p e a r  in a l l  t h r e e  c o l u m n  f r a c t i o n s ,  b u t  
m a i n l y  in t h e  h e a v y  e n d s  p o l a r  f r a c t i o n  o f  Run 1 0 1 .  Run 1 0 3  a l s o  
p r o d u c e d  m o r e  p o l a r s  i n  t h e  o i l  a n d  h e a v y  f r a c t i o n s  t h a n  Run 101  
( T a b l e  111). Run  1 0 1  p r o d u c e d  s l i g h t l y  m o r e  a r o m a t i c  h y d r o c a r b o n s  
t h a n  Run  1 0 3 .  

S o l u b l e  Heavy  E n d s - A r o m a t i c  F r a c t i o n s .  D i f f e r e n c e s  b e t w e e n  a r o m a t i c  
f r a c t i o n s  o f  t h e  s o l u b l e  h e a v y  e n d s  o f  R u n s  1 0 1  a n d  1 0 3 . m a y  be s e e n  by 
i n s p e c t i o n  o f  t h e  e l e m e n t a l  a n a l y s e s  ( T a b l e  V I ,  t h e  I H  NMR s p e c t r a  
( F i g u r e  3 ,  m i d d l e ) .  t h e  I R  s p e c t r a  ( n o t  s h o w n ) ,  T G A  v o l a t i l e s ,  a n d  t h e  
a v e r a g e  m o l e c u l a r  w e i g h t  maxima ( T a b l e  IV). D i r e c t  i n s e r t i o n  p r o b e  MS 
h e a t i n g  p r o f i l e s  f r o m  3 0 '  t o  350°C a t  5 O / m i n  o b t a i n e d  a t  1 0  e v  a n d  70  
e v  w e r e  c o m p a r e d  f o r  s a m p l e s  o f  a r o m a t i c  f r a c t i o n s  o f  t h e  s o l u b l e  
h e a v y  e n d s  Run 1 0 1  a n d  1 0 3 .  D u r i n g  t h e  f i r s t  p a r t  o f  t h e  h e a t i n g  
p r o f i l e s  s m a l l  a m o u n t s  o f  m a t e r i a l s  w i t h  m a s s e s  r e c o g n i z a b l e  a s  common 
h y d r o c a r b o n s  w e r e  n o t e d .  T h e s e  i n c l u d e d  s u c h  masses as  1 2 8 , 1 4 2  
( p r o b a b l e  n a p h t h a l e n e s ) ,  1 7 8 , 1 9 2  ( p h e n a n t h r e n e s )  a n d  2 0 2 , 2 1 6  ( p y r e n e s )  
r r h i r h  w e r e  s e e n  in t h e  h e a v y  a r o m a t i c  f r a c t i o n s  o f  b o t h  Runs  1 0 1  and  
1 0 3 .  M a s s e s  1 6 8 , 1 8 2  a n d  1 9 6  ( p r o b a b l e  d i b e n z o f u r a n s j  w e r e  uiucii i i lo rc  
p r o m i n e n t  in t h e  h e a v y  a r o m a t i c s  f r o m  Run 1 0 3  t h a n  Run 1 0 1 .  T h e s e  
p a r e n t  i o n s ,  p r e s e n t  i n  b o t h  h i g h -  a n d  l o w - v o l t a g e  m a s s  s p e c t r a ,  a r e  
p r o b a b l y  s m a l l  h y d r o c a r b o n s  a n d  e t h e r s  p a r t i t i o n e d  i n t o  t h e  h e a v y  
f r a c t i o n  d u r i n g  o u r  i n i t i a l  s o l u b i l i t y  s e p a r a t i o n .  A s  t h e  h e a t i n g  
p r o g r e s s e d  a l a r g e  number  o f  m a s s e s  g i v i n g  t h e  maximum i o n  c u r r e n t  
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T a b l e  I V .  P r o p e r t i e s  o f  O i l s ,  S o l u b l e  Heavy E n d s ,  and  
I n s o l u b l e  Heavy End F r a c t i o n s  o f  CPU 

Runs 101 and 103, P a s s  40 

T H F  N o n v o l a t i l e s  A v e r a g e  M U  ~~ 

I n s o l u b l e  
Sample (Wt X )  

T o t a l  S a m p l e s :  

101 Sol. 0 .oo 
103 Sol. 0 .oo 
101 O i l  0 .oo 
103 O i l  0 .oo 

Heavy Ends  

Heavy Ends 

S i l i c a  G e l  C o l u m n  
F r a c t i o n s  3 ( a r o m a t i c s ) :  

101 Sol. 0 .oo 
103 Sol. 0 .oo 

101 O i l  0 .oo 
103 O i l  0 .oo 

Heavy Ends 

Heavy Ends 

S i l i c a  G e l  Column 
F r a c t i o n s  4 ( p o l a r s ) :  

101 s o l .  1.97 

103 Sol. 4 .61 

101 O i l  0 .oo 

Heavy Ends 

Heavy Ends 

103 Oil 4 .46 

32.52 (8OOC) 

31.62 (800C) 

42.69 (500C) 

36.25 (500C) 

2.83 (500C) 

1.75 (500C) 

31.98 (500C) 

17.75 (500C) 

11.31 (500C) 

13.53 (500C) 

I 

Maxima ( S i z e  
E x l u s i o n s  HPLC) 

10.000. 1200. 
475 . 
10,000, 1200, 
- 
475, 280, 240 
1200, 540, 420, 
360 
620, 505, 360, 
210, 340, 290, 
260 

- 

1200, 1000, 550 
10,000, 1200, 
600, 450, 320 
610. 385. 345, 
320, 220, 160 
330, 310, 220, 
~ , ~ , ~  

13,000. 1350. 520,450 
1200, 480, 430, 
380 
15,000, 1100, 
680, 540, 450, 
360, 330, 150 
16,000, 1000, 

- 

- 

520, 380, 360, 
250, 200 

I n s o l u b l e  Heavy E n d s :  

101 63.5 (18.9% of s l u r r y )  
103 7 1  .O (18.2% of s l u r r y )  
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a r o u n d  mass 5 0 0  w e r e  o b s e r v e d .  T h i s  r e s u l t  a g r e e s  w i t h  t h e  maxima o f  
m a s s  5 5 0  a n d  4 5 0  i n  t h e  s i z e  e x c l u s i o n  c h r o m a t o g r a p h i c  H P L C  a v e r a g e  
m o l e c u l a r  w e i g h t  p r o f i l e s  f r o m  b o t h  Runs  1 0 1  a n d  1 0 3  ( T a b l e  IV). 
T h e r e  w e r e  a l a r g e  n u m b e r  o f  b o t h  e v e n  a n d  odd  m a s s e s  r e p r e s e n t e d  i n  
p r o f i l e s  f r o m  b o t h  r u n s .  Run 1 0 3  h a d  a p a r t i c u l a r l y  p r o m i n e n t  odd  
mass h o m o l o g o u s  s e r i e s  o f  3 8 1 ,  3 9 5 ,  4 0 9 ,  4 2 3 ,  4 3 9 ,  4 5 3 ,  a n d  4 6 7 .  T h e  
u n i t  r e s o l u t i o n  o f  o u r  q u a d r u p o l e  MS d i d  n o t  p e r m i t  c o n f i r m a t i o n  o f  
t h e s e  m a s s e s  a s  a r o m a t i c  n i t r o g e n  c o m p o u n d s ,  h o w e v e r  t h e y  were  
t e n t a t i v e l y  a s s i g n e d  t o  n e u t r a l  a r o m a t i c  n i t r o g e n  compounds  a f t e r  
c o n s i d e r i n g  t h e  N / C  r a t i o s  ( T a b l e  V )  a n d  t h e  s e p a r a t i o n s  u s e d  t o  
o b t a i n  t h e  f r a c t i o n s .  

S o l u b l e  Heavy  E n d s - P o l a r  F r a c t i o n s .  13C NMR a n d  ' H  N M R  s p e c t r o s c o p y  
( F i g u r e  3 ,  b o t t o m )  show a p r e d o m i n a n c e  o f  p h e n o l i c  o x y g e n  
f u n c t i o n a l i t y  i n  t h e  s o l u b l e  h e a v y  e n d s  p o l a r  f r a c t i o n s  f r o m  b o t h  R u n s  
1 0 1  a n d  1 0 3 .  A l t h o u g h  t h e  t o t a l  p o l a r  n i t r o g e n  c o n t e n t  i n  t h e  t w o  
r u n s  was a l m o s t  t h e  s a m e ,  t h e  d i s t r i b u t i o n  o f  n i t r o g e n  compounds  
d i f f e r e d .  The p o l a r  compounds  f r o m  R u n s  1 0 1  h a v e  a h i g h e r  N / C  r a t i o  
t h a n  t h o s e  f r o m  Run 1 0 3  ( T a b l e  V). D i r e c t  i n s e r t i o n  p r o b e  MS h e a t i n g  
p r o f i l e s  c o m p a r i n g  t h e  p o l a r  f r a c t i o n s  f r o m  R u n s  1 0 1  a n d  1 0 3  i n d i c a t e d  
a l o w e r  m o l e c u l a r  w e i g h t  r a n g e  t h a n  t h a t  o f  t h e  a r o m a t i c  f r a c t i o n s ,  
t h u s  s u p p o r t i n g  t h e  s i z e  e x c l u s i o n  c h r o m a t o g r a p h i c  HPLC d i s t r i b u t i o n  
( T a b l e  IV). E v e n  a n d  o d d  m a s s e s  w e r e  p l e n t i f u l  w i t h i n  t h e  m o l e c u l a r  
w e i g h t  r a n g e  f o u n d  f o r  h e a v y  s a m p l e s  f r o m  R u n s  1 0 1  a n d  1 0 3 .  A s t r o n g  
c o r r e l a t i o n  b e t w e e n  o x y g e n  c o n t e n t  ( m o s t l y  p h e n o l i c )  a n d  v i s c o s i t y  f o r  
s o l v e n t - r e f i n e d  c o a l s  w a s  n o t e d  i n  o u r  l a b o r a t o r y  b u t  t h e  s a m e  s t u d y  
f a i l e d  t o  f i n d  a c o r r e l a t i o n  b e t w e e n  t o t a l  n i t r o g e n  c o n t e n t  a n d  
v i s c o s i t y  (5) .  tt t h e  p r e s e n t  t i m e  i t  i s  n o t  c l e a r  w h e t h e r  t h e  
d i f f e r e n c e s  f o u n d  i n  n i t r o g e n  compound t y p e  d i s t r i b u t i o n  i n  t h e  
p r e s e n t  s t u d y  h a v e  a n y  e f f e c t  on v i s c o s i t y .  

O i l s .  A n a l y s i s  o f  t h e  o i l s  f r o m  p a s s  4 0  o f  Runs  1 0 1  a n d  1 0 3  were  
c a r r i e d  o u t  i n  o r d e r  t o  p r o v i d e  c o m p a r i s o n  w i t h  t h e  s o l u b l e  h e a v y  e n d s  
a n d  t o  s u p p l y  mass b a l a n c e  f o r  t h e  s l u r r y  separaL'!on a n a l y s i s .  A much 
more d e t a i l e d  c h a r a c t e r i z a t i o n  o f  t h e  o i l s  t h r o u g h o u t  t h e  e n t i r e  r u n  
i s  b e i n g  p r e p a r e d .  T h e  p e r c e n t a g e  o f  o i l s  d e c r e a s e s  f r o m  > 8 5 %  i n  t h e  
s o l v e n t s  a t  t h e  b e g i n n i n g  o f  t h e  r u n s  t o  4 5 % - 5 8 %  a t  t h e  l a s t  p a s s .  
D i f f e r e n c e s  i n  c o m p o s i t i o n  of t h e  o i l s  f r o m  R u n s  1 0 1  a n d  1 0 3 ,  p a s s  4 0 ,  
w e r e  a s s e s s e d  u s i n g  t h e  a n a l y t i c a l  p r o c e d u r e s  a l r e a d y  d e s c r i b e d  a n d  
s o l v e n t  e x t r a c t i o n  ( J ) .  B a s e  e x t r a c t i o n  o f  t h e  p h e n o l s  g a v e  t h e  s a m e  
p e r c e n t  p h e n o l s  f o r  b o t h  Runs  1 0 1  a n d  1 0 3 .  The  a m o u n t s  o f  m e t h y l a t e d  
p h e n a n t h r e n e s  i n  t h e  a r o m a t i c  f r a c t i o n  o f  Run 1 0 3  w e r e  l a r g e r  t h a n  i n  
Run 101 .  The d i f f e r e n c e  i n  t h e  p h e n a n t h r e n e  c o m p o s i t i o n  b e t w e e n  R u n s  
1 0 1  a n d  1 0 3  p a s s  4 0  o i l s  may b e  s e e n  by o b s e r v i n g  t h e  r e g i o n  b e t w e e n  
t h e  r e s o n a n c e s  f o r  u n s u b s t i t u t e d  p h e n a n t h r e n e  h d r o g e n s  a t  8 . 7 1  a n d  
8 . 6 8  6 a n d  t h e  p y r e n e  p e a k  a t  8 . 2 0 6 i n  t h e  200 MHz 'H NMR s p e c t r a  a t  t h e  
b o t t o m  o f  F i g u r e  4 .  The  p e a k s  b e t w e e n  t h e s e  v a l u e s  a r e  
c h a r a c t e r i s t i c  o f  s u b s t i t u t e d  p h e n a n t h r e n e s .  The u n s u b s t i t u t e d  
a r o m a t i c  h y d r o c a r b o n s ,  p h e n a n t h r e n e  ( 8 . 7  1 ,  8 . 6 8  6 ) ,  f l u o r e n e  ( 3 . 9 8 6 ) ,  
a n d  a c e n a p h t h e n e  ( 3 . 3 9 6 )  a r e  m o r e  p l e n t i f u l  i n  Run 1 0 1  p a s s  4 0  o i l s  
t h a n  i n  Run 103  O i l s .  

P a s s  t o  p a s s  c o m p o s i t i o n  c h a n g e s  d u r i n g  t h e  t w o  r e c y c l e  r u n s  w e r e  
o b s e r v e d  ( T a b l e  11, F i g u r e  4 ) .  T h e s e  c h a n g e s  a r e  g r a p h i c a l l y  
d i s p l a y e d  i n  F i g u r e  4 w h i c h  s h o w s  2 0 0  MHz 'H  NMR s p e c t r a  o f  some o f  
t h e  p r o d u c t  o i l s  a s  t h e y  c h a n g e  i n  c o m p o s i t i o n  f r o m  p a s s  t o  p a s s .  
T h e s e  c h a n g e s  a r e  more  e v i d e n t  d u r i n g  t h e  i n i t i a l  d i l u t i o n  o f  s t a r t u p  
s o l v e n t  w i t h  p r o d u c t  a n d  become  more  s u b t l e  b e t w e e n  t h e  3 0 t h  a n d  4 0 t h  
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p a s s .  T h e  c o m p o s i t i o n  of  p r o d u c t  o i l  f r o m  b o t h  R u n s  101 a n d  103 s t i l l  
a p p e a r  t o  b e  c h a n g i n g  s l o w l y  a t  p a s s  4 0 .  

S u n m a r z  

A room t e m p e r a t u r e  s o l u b i l i t y  s e p a r a t i o n  m e t h o d  was u s e d  t o  s e p a r a t e  
t h e  p r o d u c t s  o f  t w o  4 0  p a s s  CPU r u n s  t h a t  u s e d  d i f f e r e n t  s t a r t u p  
s o l v e n t s .  A l t h o u g h  t h e  c o m p o s i t i o n  was n o t  i n v e s t i g a t e d  in d e t a i l ,  
t h e  i n s o l u b l e  h e a v y  e n d s  f r a c t i o n  f r o m  Run 101 a p p e a r e d  t o  c o n t a i n  
b i n a p h t h y l  w h i l e  Run 103 d i d  n o t .  T h e  o i l s  a n d  s o l u b l e  h e a v y  e n d s  
p o r t i o n s  f r o m  t h e  4 0 t h  p a s s  were f r a c t i o n a t e d  by s i l i c a  g e l  c o l u m n  
c h r o m a t o g r a p h y .  T h e  s e p a r a t i o n  i n t o  a l k a n e s ,  a r o m a t i  s ,  a n d  o l a r s  
g a v e  c l e a n  f r a c t i o n s  b a s e d  o n  N M R  s p e c t r a l  d a t a .  T h e  'H a n d  "C N M R  
s p e c t r a  of t h e  c o r r e s p o n d i n g  oil a n d  h e a v y  f r a c t i o n s  w i t h i n  a s l u r r y  
s a m p l e  r e s e m b l e d  e a c h  o t h e r  w i t h  o i l  p o l a r s  ( k n o w n  t o  b e  m a i n l y  
p h e n o l i c )  r e s e m b l i n g  h e a v y  p o l a r s  a n d  o i l  a r o m a t i c s  r e s e m b l i n g  h e a v y  

c a u s e s  t h e m  t o  b e  s e p a r a t e d  by s o l u b i l i t y  a p p e a r s  t o  be p o l a r i t y  
r a t h e r  t h a n  m o l e c u l a r  w e i g h t  d i f f e r e n c e s .  H o w e v e r ,  t h e  m a j o r  
d i f f e r e n c e  b e t w e e n  oil a n d  h e a v y  a r o m a t i c  f r a c t i o n s  c a u s i n g  s o l u b i l i t y  
s e p a r a t i o n  i s  a p p a r e n t l y  d u e  t o  m o l e c u l a r  w e i g h t  d i f f e r e n c e s .  

T h e  s u c c e s s  o f  t h e s e  s e p a r a t i o n s  w i t h  m a t e r i a l s  o f  m o d e r a t e l y  
h i g h  m o l e c u l a r  w e i g h t  makes  p o s s i b l e  a s u r v e y  o f  a l a r g e r  p e r c e n t a g e  
o f  t h e  l i q u e f a c t i o n  p r o d u c t  s l u r r y .  T h e  c h a r a c t e r i z a t i o n  of  t h e  
f r a c t i o n s  by  a c o m b i n a t i o n  of t e c h n i q u e s  i s  now p o s s i b l e .  A l a c k  of  
h i g h  m o l e c u l a r  w e i g h t  m o d e l  c o m p o u n d s  t o  s e r v e  a s  k n o w n s  f o r  f u r t h e r  I 

a n a l y s i s  p r e s e n t s  a p r o b l e m ;  h o w e v e r ,  a d d i t i o n a l  w o r k  i s  in p r o g r e s s .  
T h e  p r o d u c t s  f r o m  R u n s  101 a n d  103 a f t e r  4 0  p a s s e s  w e r e  

c h e m i c a l l y  d i s s i m i l a r .  B o t h  t h e  o i l s  a n d  t h e  h e a v y  e n d s  showed a 
number  of  d i f f e r e n c e s .  I t  was  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  r u n  
s t a r t e d  up  w i t h  t h e  PDU r e c y c l e  s o l v e n t  t h a t  c o n t a i n e d  m o r e  a l k a n e s  
(13.9%) s t i l l  y i e l d e d  a p r o d u c t  w i t h  m o r e  a l k a n e s  a f t e r  4 0  p a s s e s  b u t  
t h e  t o t a l  a m o u n t  w a s  o n l y  8% o f  t h e  o i l ,  3.8% of  t h e  p r o d u c t  s l u r r y .  
T h e  p e r c e n t  p h e n o l s  i n  t h e  o i l  ( b y  e x t r a c t i o n )  w a s  v e r y  c l o s e  t o  e q u a l  
f o r  p a s s  4 0  f r o m  R u n s  101 a n d  103 b u t  t h e  a r o m a t i c  h y d r o c a r b o n  
c h a r a c t e r  o f  t h e  s t a r t u p  s o l v e n t  a p p e a r e d  t o  b e  r e c o g n i z a b l e  a f t e r  40 
p a s s e s  in b o t h  R u n s  101 a n d  103. Run 103 s t i l l  c o n t a i n s  more  
a l k y l a t e d  a n d  m e t h y l a t e d  a r o m a t i c  h y d r o c a r b o n s  l i k e  t h e  PDU s o l v e n t  
w h i l e  Run 101 c o n t a i n e d  m o r e  u n s u b s t i t u t e d  a r o m a t i c  h y d r o c a r b o n s  s u c h  
a s  p h e n a n t h r e n e ,  a c e n a p h t h e n e ,  a n d  f l u o r e n e  l i k e  A04.  T h e r e  was an  
u n e q u a l  d i s t r i b u t i o n  of  n i t r o g e n  w i t h i n  t h e  p r o d u c t s  f r o m  t h e  two 
r u n s .  

V a r i o u s  c o m p o s i t i o n  d a t a  w e r e  e x a m i n e d  i n  a n  a t t e m p t  t o  f i n d  a 
c o r r e l a t i o n  w i t h  t h e  much h i g h e r  v i s c o s i t y  o f  Run 101. T h e r e  d i d  n o t  
s e e m  t o  b e  much d i f f e r e n c e  in t h e  s i z e  of  a n y  h e a v y  f r a c t i o n  when Runs 
101 a n d  103 w e r e  c o m p a r e d ,  a l t h o u g h  t h e  i n s o l u b l e  h e a v y  e n d s  w e r e  
s o m e w h a t  l a r g e r  i n  Run 101 ( 2 9 . 8 %  o f  t h e  s l u r r y  c o m p a r e d  w i t h  Run 103 
2 5 . 6 % ) .  T h e  p o r t i o n  o f  t h e  s l u r r y  t h a t  r e p r e s e n t s  THF i n s o l u b l e  v e r y  
h e a v y  i n t r a c t a b l e  o r g a n i c  m a t t e r  w a s  7 . 5 %  f o r  Run 101 a n d  6 .7% f o r  Run 
103. T h e  c o m p o s i t i o n  o f  t h e  s o l u b l e  h e a v y  e n d s  w i t h  r e s p e c t  t o  
a m o u n t s  o f  p h e n o l s  a n d  a r o m a t i c s  d i d  n o t  a p p e a r  t o  b e  t h e  c a u s e  o f  t h e  
v i s c o S i t y .  O n l y  cne  d i f f e r e n c e  +?.'1s n o t e d  a n d  t h a t  wan Run 101 h e a v y  
e n d s  p o l a r  f r a c t i o n  s h o w e d  a h i g h e r  N/C r a t i o  i n d i c a t i n g  a d i f f e r e n t  
compound t y p e  d i s t r i b u t i o n  t h a n  Run 103. T h e  v i s c o s i t y  d i f f e r e n c e  
c o u l d  n o t  b e  e x p l a i n e d  b a s e d  on t h e  o i l  c o m p o s i t i o n .  T h e  p e r c e n t  
p h e n o l s  i n  t h e  o i l  was  t h e  same in b o t h  R u n s  101 a n d  103 a l t h o u g h  t h e  
p o l a r  ( m a i n l y  p h e n o l i c )  f r a c t i o n  o f  Run 101 a l s o  s h o w e d  t h e  h i g h e r  N/C 
r a t i o  i n d i c a t i n g  d i f f e r e n t  compound t y p e s  a r e  p r e s e n t  t h a n  i n  Run 103. 

, 

a r o m a t i c s .  T h e  d i f f e r e n c e  b e t w e e n  o i l  a n d  h e a v y  p o l a r  f r a c t i o n s  t h a t  i 
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Figure 1. Separation of CPU product slurry by solubility and Silica 
gel column chromatography. 
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Figure  2. 
and a sh  a n a l y s i s  f o r  CPU product  s l u r r i e s  from Runs 101 and 103. 

Product  d i s t r i b u t i o n  a s  determined by s o l u b i l i t y  s e p a r a t i o n  

I 
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Figure 3. 
fractions from soluble heavy ends, CPU Runs 101 and 103. 

200 MHz 'H NMR spectra of silica gel column chromatographic 
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F i g u r e  4. Changes in t h e  o i l s  du r ing  CPU Runs 101 and 103 a s  shown by 
200 MHZ 1~ NMR spec t roscopy .  
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